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Trypanosoma  copemani  has  been  found  infecting  several  threatened/endangered  marsupial  species
within Australia  and  is  thought  to  be  a  key  player  in  the  rapid  decline  of  the  woylie  (Bettongia  penicillata).
To better  understand  the  biology  and  life  cycle  of  this  parasite,  the  growth  requirements,  and  kinetics  of
infection of  two  newly  described  genotypes,  T.  copemani  G1  and  G2,  were  investigated  and  compared
with the  T.  cruzi  strain-10R26  in  vitro.  Both  G1  and  G2  were  able  to  infect  all  four  cell  lines  tested.
The number  of  infected  cells  where  at  least  one  intracellular  amastigote  of  T.  copemani  G1  and  G2
was seen  was  below  7%  and  15%  respectively  in  most  cell  lines.  However,  in  VERO  cells  the  rate  of
infection for  T.  copemani  G2  was  70%-approximately  seven  and  two  times  higher  than  for  G1  and  T.
cruzi respectively.  Despite  the  higher  infection  rate,  the  number  of  intracellular  forms  of  T.  copemani  G2
was lower  compared  with  T.  cruzi,  and  intracellular  replicating  forms  were  not  observed.  The  capability
of T.  copemani  G2  to  infect  cells  may  have  important  consequences  for  pathogenicity  and  suggests  it
might employ  similar  strategies  to  complete  its  life  cycle  in the  vertebrate  host  to  those  seen  in  T.  cruzi.
© 2015  The  Authors.  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC  BY
license (http://creativecommons.org/licenses/by/4.0/).
Key words:  Trypanosoma  copemani; T.  cruzi;  acidocalcisomes;  cell  infection;  pathogenicity;  social  motility.
Introduction
Trypanosoma comprises a large  number  of
species  and  subspecies  with complex  life cycles
that  involve  both  invertebrate and vertebrate  hosts.
The  life  cycle in  the  vertebrate  host varies from one
species  to another and may involve different  stages
of  the  parasite.  This  variability at least  in part lies
in  the ability of some trypanosomes  to replicate
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inside  host cells. The  replication  of trypanosomes
such  as T. theileri, a parasite  of cattle,  T. lewisi a
parasite  of rodents,  ﬁsh and birds trypanosomes,
and  trypanosomes from  the T. brucei complex
that  infect humans  and several ungulates, occurs
extracellularly  in peripheral blood  where they
replicate  as trypomastigotes.  This stage of the
parasite  has  also been  found in extravascular sites
of  lymph  nodes, kidney, spleen,  bone marrow,
and  brain (D’Alessandro  and Behr  1991; Hoare
1972;  Molyneux  1976; Rodrigues  et al. 2003;
Sudarto  et al. 1990; Tizard et al. 1980). In contrast,
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T. cruzi,  the agent of Chagas  disease  in humans
does  not replicate  in blood,  but presents a life
cycle  that involves  invasion and  replication  inside
host  cells (De Souza et al. 2010;  Oliveira  et  al.
2009). During  its life cycle  in the vertebrate  host,
T.  cruzi  alternates between  two different  develop-
mental  stages,  the bloodstream trypomastigote
(non-dividing  form)  and the amastigote  in tissues
(intracellular  and replicative  form). Bloodstream
trypomastigotes  invade a large  number  of mam-
malian  cells, and once in the  cytoplasm  of the cell
they  differentiate  into amastigotes.  After  an intense
multiplicative  phase, amastigotes  transform into
trypomastigotes  that  are released  upon rupture  of
the  cells. Trypomastigotes infect neighbouring  cells
and  are  eventually disseminated  throughout  the
body,  leading to  the establishment of the  infection in
several  tissues in the host (De Souza et al.  2010).
A  few other Trypanosoma species  phylogenetically
related  to T. cruzi  are capable  of infecting and mul-
tiplying  within cells. For example,  T. dionisii and  T.
erneyi,  both  trypanosomes  of bats, are capable  of
invading  and replicating  inside cells and  have been
shown  to exhibit some similar features  of host cell
invasion  to T. cruzi  (Lima et al.  2012,  2013;  Oliveira
et  al. 2009). For T. rangeli,  a  parasite that infects
a  large  number  of  mammals  in Central  and South
America,  contradictory  results  have been reported
regarding  the life cycle  within the  vertebrate host.
The  replication  of this  species does not occur  in
blood,  however,  its ability to infect and  replicate
inside  cells is controversial, with some  studies
supporting  cell invasion and others  not (Eger-
Mangrich  et al. 2001;  Tanoura et al. 1999;  Zún˜iga
et  al. 1997a,b).
Within  Australia,  several species and  genotypes
of  trypanosomes  have been  described infecting
wildlife.  To date,  only a few trypanosomes  have
been  isolated  in  culture  from Australian marsupi-
als,  namely  T. sp. H25, T. sp. H26, and T. copemani
(Austen  et al. 2009;  Noyes et al. 1999). However,
the  description  of these  species has been  largely
based  on molecular data, host  occurrence, and/or
morphology  of blood  forms, and little is known about
the  distinct morphological and functional  forms of
these  parasites  during their  life  cycle in  the  ver-
tebrate  host or  under experimental  conditions  in
axenic  media.  More recently,  based on 18S rDNA
and  gGAPDH sequences,  two new different geno-
types  within the T. copemani  clade  (T. copemani  G1
and  G2) were detected  infecting different  marsupi-
als  (Botero et al. 2013). Interestingly,  T. copemani
G2  was found in several tissues  and  blood,  while
T.  copemani  G1 was only found  in blood, suggest-
ing  marked differences  in their  biological behaviour.
Although, 18S  rDNA and  gGAPDH phylogenies
showed  that  T. copemani  does  not belong to the
T.  cruzi clade  all members  of which  being capa-
ble  of intracellular replication,  in vitro experiments
showed  that both T. copemani  G1 and G2 were
capable  of infecting  cells (Botero  et al. 2013).  Dif-
ferences  in infection  rates, intracellular  replication,
and  media  requirements  for  growth have not been
evaluated.
Considering  the biological  differences previously
observed  between  both  strains  of  T. copemani,
the  aims of this study  were  to (i) determine and
compare  their optimal  growth  requirements and dif-
ferent  morphological  and functional forms  in vitro;
and  (ii) evaluate  and compare  their kinetics  of infec-
tion  in four  different  cell lines, using  the intracellular
T.  cruzi as  a positive control  of infection  and as  an
indication  of pathogenicity.
Results
Trypanosome Growth Curves
Minor differences  in growth requirements  between
T. copemani  G1  and G2 were observed. Both
strains  showed  a growth rate signiﬁcantly higher
in  RPMI  1640, followed  by Grace’s and HMI-9
media.  However, Grace’s and HMI-9 media sup-
ported  the growth of T. copemani  G1  better than G2.
Trypanosomes  growing in RPMI 1640 were  seen
actively  dividing  until day 8 post-inoculation. At this
time  they reached  the maximum  number, before
beginning  to die due to nutrients in the medium
being  exhausted  (data not shown).  The  doubling
growth  time of parasites  in RPMI 1640  and Grace’s
media  was approximately  2 days. Growth curves of
both  Trypanosoma  strains grown separately in the
three  different  media  are shown  in Figure 1. Schnei-
ders  medium  failed to support the growth of either
strain  of T. copemani.
Role of Haemin in Growth
T. copemani  G1 and G2 were  grown in differ-
ent  concentrations  of haemin  between  2.5 mg/l
to  20  mg/l. Although,  both  strains of T.  copemani
grew  well without  haemin,  depending  on con-
centration,  the addition of haemin  to the media
signiﬁcantly  improved growth,  mobility, and  motil-
ity.  Growth  curves could  not be  generated due to
trypanosomes  being compacted  ﬁrmly in nests or
rosettes  that could not be homogeneously  sepa-
rated.  Therefore, trypanosome  growth was followed
as  a  qualitative  observation  of proliferation (size
of  nests), mobility  (ability to move spontaneously
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Figure  1.  Growth  curves  of  Trypanosoma  copemani  strains  in  different  media,  A:  Trypanosoma  copemani  G1;
B: Trypanosoma  copemani  G2.  These  data  represent  the  mean  of  three  independent  experiments  (triplicate
values in  each  experiment)  ±  SEM.
and actively  - does  not involve displacement),  and
motility  (ability  to move spontaneously  and actively
-  involves  displacement)  under  the microscope.
The  haemin  concentrations that  produced  more
and  larger nests were 2.5  mg/l and 10 mg/l for  T.
copemani  G1 and G2,  respectively.  These  con-
centrations  improved trypanosome activity  in the
media  in  terms of mobility  and motility, and free
trypanosomes  (not in the process  of division  in
nests)  moved continuously  from side to side in the
wells  in both T. copemani G1 and G2 cultures.
However,  at the other concentrations  of haemin
(5  mg/l,  15  mg/l  and 20  mg/l) trypanosomes  were
not  very active  and  did not divide quickly. Inter-
estingly,  trypanosomes  formed groups of big and
small  densely-packed  cells (nests)  within 24 h post-
plating.  Nests  moved across  the  plate surface,
recruiting  neighboring  nests and forming fusions
of  large  groups  as shown in the  sequential  images
(Supplementary  Material  Fig.  S1). Haemin concen-
trations  higher  than  10 mg/l and  15 mg/l decreased
the  growth  rate of both T. copemani  G1 and
G2  respectively  and  also induced  morphological
changes.  At these haemin concentrations most  of
the  parasites  adopted a spherical  shape and par-
tially  or  completely  lost the prominent  ﬂagellum
resembling  the amastigote  and spheromastigote
forms.
Morphology
Peripheral  blood smears from woylies (Bettongia
penicillata)  infected with T.  copemani  G1 and G2
showed  blood trypomastigotes  with large  body
width  and length.  These forms exhibited a small
rounded  kinetoplast  and a larger, oval nucleus.
The  kinetoplast  stains densely purple and  is posi-
tioned  close  to the  nucleus in the  posterior end
of the cell.  The nucleus  stains light  pink  and  is
located  in  the centre of the cell.  Blood trypomastig-
otes  presented  also a conspicuous  undulating
membrane  with well-pronounced  undulations and
ﬂagella,  which  originate  just anterior to the kineto-
plast  (Fig.  2A). Gross morphological  features  were
very  similar  between  T. copemani  G1  and  G2  with
non-signiﬁcant  differences  in body width (width:
6.0  ± 0.1 T. copemani  G1, 6.5 ±  0.1 T. copemani
G2)  (m ± SEM), but statistically  signiﬁcant differ-
ences  in body length  (Fisher exact test, P =  0.001)
were  found  (length:  35.8  ± 0.5 m T. copemani G1,
39.9  ± 0.2 m T. copemani  G2)  (m ± SEM). Divid-
ing  forms were  never  observed  in blood  smears.
In  the exponential  or logarithmic  phase of try-
panosome  growth  in  culture,  the  epimastigote  was
the  predominant  form. Epimastigotes  presented
highly  variable  shapes with a small  kinetoplast posi-
tioned  adjacent  to the nucleus. Some  of the forms
were  long and thin undergoing  binary division, giv-
ing  rise to nests  or rosettes and transitional  forms of
variable  shape and  body (Fig.  2B).  Some of these
transitional  forms were  spheromastigotes  (Fig. 3A)
that  were often seen  to be  dividing  and trypomastig-
otes  with an undulating membrane  (Fig. 3B).
Both  strains reached  the stationary or  non-
proliferative  phase when the concentration of
parasites  was approximately 4x107 parasites/ml
(Fig.  1). Most parasites  at this late phase were
slender,  long  ﬂagellates that  exhibited  a less promi-
nent  undulating  membrane  and  a rounded, small
kinetoplast.  This  was positioned  far  away from an
elongated  nucleus and close to the posterior end
of  the cell resembling  metacyclic  trypomastigote
forms  (Figs 2C and 3B).
T. copemani  G1 and  G2 share common
morphological  features  with  other trypanoso-
matids.  Trypomastigotes,  epimastigotes,  and
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Figure  2.  Light  micrographs  of  Diff-quick  stained  Trypanosoma  copemani  G2.  A:  trypomastigote  form  in  a blood
smear from  a  woylie;  B:  epimastigote  forms  growing  in  culture;  C:  stationary  phase  culture  forms.  Scale  bar:
10 m.
spheromastigotes  possess numerous  spherical
electron-dense  particles  throughout  the  cytoplasm,
which  appear morphologically  similar  to acidocal-
cisomes  described in other  trypanosomatids  (Lima
et  al. 2012;  Miranda et al. 2000).  The size and
number  of acidocalcisomes per cell was variable
ranging  from only 3 or  4 large  acidocalcisomes
to  more than  10 small  acidocalcisomes  (Fig.  4).
These  structures  were  also observed in live cells
(Fig.  5). A dense  corset of cross-linked micro-
tubules  that form the subpellicular  membrane
was  observed surrounding  the body of the cell
(Fig.  4A).  Scanning  electron  micrographs  showed
ﬂagella  that  emerged  from a small  invagination
in  the cell body, the ﬂagellar pocket (Fig.  6). The
ﬂagellum  of both strains of T.  copemani  consisted
of  an axoneme with nine duplets of microtubules  in
the  periphery with two microtubules  at the center
and  a  paraﬂagellar  rod (Fig. 6, box).
Kinetics of Infection
Both  strains of T. copemani  were able to infect
all  cell lines  used.  However, signiﬁcant  differences
in  the infection rate  were  seen between T.  cope-
mani  G1 and  G2,  and  between T. copemani G1/G2
and  T. cruzi in all cell  lines (Fisher exact test,
P  < 0.0001).  Trypomastigotes  of both strains of T.
copemani  were commonly observed  attached  to
cells  (Fig.  7). They  appeared  to attach  to the  cell
by  the posterior end in a  manner  similar to T. cruzi.
Scanning  electron  microscopy  further conﬁrmed
that  some  attached trypanosomes  were invading
cells  and  commonly  revealed  debris  of dead cells
surrounded  by amastigotes  and  trypomastigotes
after  the second  day of infection  (Fig. 8). How-
ever,  no sign of infection was seen when these
cell-free  trypomastigotes  from second  day infected
cells  were  used  to  infect  new  cells. Intracellular
Figure  3.  Scanning  electron  micrographs  of  Trypanosoma  copemani  G2  grown  in  culture  at  28 ◦C  and  37 ◦C
with VERO  cells.  A:  spheromastigote  at  28 ◦C;  B:  trypomastigotes  at  37 ◦C.  Scale  bars:  1  m  (A)  and  2  m  (B).
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Figure  4.  Transmission  electron  micrographs  showing  acidocalcisomes  in  various  growth  forms  of  Try-
panosoma copemani  G2.  A:  epimastigote;  B:  trypomastigote.  Acidocalcisomes  (ac);  subpellicular  microtubules
(cytoskeleton, arrows).  Scale  bars:  1 m  (A),  and  0.5  m  (B).
T. copemani  G2 amastigotes containing  acidocal-
cisomes  were routinely  identiﬁed within the host
cell  cytoplasm.  However, no intracellular  replica-
tion  was observed in the cytoplasm of any cell
line  infected  with either  T. copemani  G1 or G2.
Figure 9 shows a representative  image from sev-
eral  acquired images  of an intracellular  amastigote
of  T. copemani G2.
Intracellular amastigotes  of T. copemani  G1 and
G2  and T. cruzi were ﬁrst observed at 6 hours
post-infection  in L6 cells. The progression  of the
infection  was  similar for T. copemani  G1  and  G2.
However,  the number of cells infected with T. cope-
mani  G2 was  signiﬁcantly  higher  (Fisher  exact test,
Figure  5.  Light  micrograph  showing  numerous  acido-
calcisomes  (light  green  dots)  within  the  cytoplasm  of
Trypanosoma copemani  G2.  Scale  bar:  10  m.
P < 0.0001).  The  highest  rate of infection  by T.
copemani  G1 was 5% at 48 hours post-infection,
while  the  highest  rate of infection  by T. cope-
mani  G2 was 15%  at the  same  time  post-infection.
In  contrast, the percentage  of L6 cells infected
with  T. cruzi was signiﬁcantly  higher  (Fisher exact
test,  P < 0.0001),  increasing rapidly after  24  hours
post-infection  and reaching  a peak of 82% at
72  hours  post-infection  (Fig. 10A). Cells  infected
with  T. cruzi exhibited  a larger number  of intracel-
lular  amastigotes  at 12,  24, 48, 72 and 96 hours
post-infection  compared with both T. copemani G1
and  G2, where  no more than  three amastigotes
were  seen  inside cells  at any time  post-infection
(Fig.  10A). After  48  hours  post-infection, T. cruzi
Figure  6.  Trypanosoma  copemani  G2  trypomastig-
ote and  the  ﬂagellum  structure.  Flagellar  pocket  (fp);
axoneme (ax);  paraﬂagellar  rod  (pfr).  Scale  bar:  2  m
(inside box  0.1  m).
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Figure  7. Transmission  electron  micrograph  of  a  try-
pomastigote  (arrow)  of  Trypanosoma  copemani  G2
attached to  a  VERO  cell.  Flagellum  (f);  VERO  cell
mitochondria  (m);  VERO  cell  nucleus  (n).  Scale  bar:
1 m.
amastigotes  were seen  differentiating  into trypo-
mastigotes  inside  cells (Supplementary  Material
Fig.  S2).
Both T. copemani  G1 and G2, and T.  cruzi were
able  to infect  VERO cells at 6 hours post-infection,
with  no  signiﬁcant differences in the number  of cells
infected  (Fisher  exact  test,  P  < 0.07).  An  increase
in  the number of cells infected  was observed  over
the  time, reaching a maximum  of 7% with T. cope-
mani  G1,  70%  with T.  copemani G2, and  33%
with  T.  cruzi at 48 hours  post-infection.  After this
time,  the percentage of infected cells decreased
for  all trypanosomes  (Fig.  10B). T. copemani  G2
induced  a signiﬁcantly  stronger  infection at all
times  post-infection  when compared  with T. cruzi
(Fisher  exact  test, P  < 0.0001).  Although  almost
Figure  9.  Transmission  electron  micrograph  of  an
intracellular  amastigote  of  Trypanosoma  copemani
G2 in  VERO  cells.  Remaining  short  ﬂagellum  (arrow);
Amastigote  acidocalcisome  (ac);  VERO  cell  mito-
chondria (m).  Scale  bar:  1  m.
70%  of  cells were infected with T. copemani G2
and  only 33%  of cells were  infected with  T.  cruzi
at  48 hours  post-infection, the number of intracellu-
lar  amastigotes  was higher  in T. cruzi infected  cells
(Fig.  10B).
In both  human-derived  cell lines HCT8  and
THP1,  the rate of infection  of T. copemani G1  and
G2  was very similar (Fig.  10C). Neither T. cope-
mani  G1  or G2 were  able  to infect more  than  7% of
either  cell line at any time  post-infection. In contrast,
the  percentage  of cells  infected  with T. cruzi was
signiﬁcantly  higher (Fisher  exact test,  P < 0.0001),
and  showed a  continual  increase  in infection  rates,
which  peaked  at 34%  in HCT8  cells and 40%
in  THP1 cells at 96 hours  post-infection. Active
intracellular  replication  was clearly evident only in
Figure  8.  Scanning  electron  micrographs  of  trypomastigotes  and  amastigotes  of  Trypanosoma  copemani  G2
in VERO  cells.  A:  trypomastigote  invading  a  cell  (ﬂagellum:  black  arrows);  B:  trypomastigotes  (withe  head
arrow) and  amastigotes  (black  head  arrow)  with  cellular  debris.  This  image  has  been  used  and  adapted  with
permission from  Botero  et  al.  2013.  Scale  bars:  1  m  (A)  (inside  box  1  m)  and  2  m  (B).
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Figure  10.  Kinetics  of  infection  and  intracellular  development  of  Trypanosoma  copemani  G1  and  G2,  and
Trypanosoma cruzi.  A:  L6  cells;  B:  VERO  cells.  C:  HCT8  and  THP1  cells.  Diff-Quick  stained  images  at  the  base
of each  graph  represent  cells  infected  and  show  intracellular  amastigotes  (arrows).  Unfortunately,  good  quality
images of  THP1  cells  could  not  be  obtained.  These  data  represent  the  mean  of  three  independent  experiments
(triplicate values  in  each  experiment)  ±  SEM.
T. cruzi where  large numbers of amastigotes  were
seen  inside  cells (Fig. 10C).
Discussion
A few species of Trypanosoma have been isolated
in  culture  from Australian mammals  (Austen  et al.
2009;  Noyes  et  al. 1999).  However, the life cycle
of  these parasites  in the  vertebrate  host remains
unknown.  To date, the only in vitro study  inves-
tigating  the  life cycle of Australian  trypanosomes
showed  that two Trypanosoma  isolates, T.  sp.  H25
and  T. sp. H26,  isolated from  a  kangaroo and a
wombat  respectively,  failed to infect LLCMK2 cells
(Rhesus  monkey kidney cells) in vitro (Noyes et al.
1999), while a more  recent study  (Botero et al.
2013) demonstrated  that  T. copemani is able  to
invade  cells in vitro.  Furthermore,  the ﬁnding of
T.  copemani  DNA in tissues and structures in the
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cytoplasm  of  these tissue cells consistent  with
amastigote  forms of other  Trypanosoma species
(Botero et al. 2013; Carreira  et al. 1996), sug-
gested  a T. copemani life  cycle in the marsupial  host
that  involves migration to tissues, cell  infection, and
intracellular  replication. This  latest study (Botero
et  al. 2013)  also showed that  only  T. copemani
G2  was present  in multiple  marsupial  host tissues,
while  T. copemani  G1 was only found in blood.
These  results  are  complemented  by the  present
study,  which found marked differences  in the rate
of  cell infection  between both strains of T. cope-
mani.  Irrespective  of the  cell  line used, T. copemani
G1  infection rates were  very  low, always below 7%
whereas  T. copemani G2 was highly infective to
VERO  cells, with 70%  of cells infected at 48 hours
post-infection.  We also found slight  differences  in
size  of both T.  copemani G1 and G2 consistent
with  the previously described  phenotypes 1 and 2
of  T. copemani (Thompson  et al. 2013). It seems
that  the  life cycle  of both T. copemani  G1 and  G2
are  different, therefore  raising  the question  as  to
whether  they are  two genotypes  or  actually  different
species.  The fact that T. copemani G2 was highly
infective  to one cell line highlights  the capacity  of
this  parasite  to infect cells in the marsupial  host and
raises  questions  about the potential  virulence and
pathogenicity  of this parasite  and its  role in the  rapid
and  substantial  decline of the brush tailed bettong,
or  woylie  (Bettongia  penicillata)  (Botero  et al.  2013;
Wayne  et al. 2013a, b).
The T. cruzi  10R26 strain as well as T. copemani
G2  exhibited signiﬁcant  differences  in infectivity
among  cell  lines. T. copemani G2’s rate of infec-
tion  in VERO cells was  double the  rate of infection
produced  by T. cruzi, while in L6 and in both  human-
derived  cell lines, T. cruzi  showed a higher  level of
cell  invasion. Interestingly, results  that  showed  that
the  kidney  of naturally  infected marsupials  are  fre-
quently  infected with T. copemani  G2 (Botero et  al.
2013) are consistent  with results  described here  in
vitro,  in  which  the kidney epithelial-derived  VERO
cell  line was frequently  invaded by T. copemani  G2.
However,  no sign of active Trypanosoma  multipli-
cation  was  seen  inside VERO cells.  This apparent
lack  of intracellular replication  of  T.  copemani  G2
might  be due to the origin  of the  cell  line. It has
been  shown that the host genetic background plays
an  important  role  in susceptibility  or  resistance  to
infections  with T. cruzi  (Andrade et al.  2002). There-
fore,  the origin  of the cell line could determine  the
success  or  failure of in vitro  infections.  The use
of  a better  in vitro  model, ideally a primary mar-
supial  tissue derived  cell line, or an  inmortalised
marsupial  cell line, may  support  the  intracellular
replication of T. copemani. However, the ﬁnding of
numerous  amastigotes  of T. copemani G2 in cells
in  tissues  of naturally infected  woylies (Botero  et al.
2013)  suggests  that the  parasite can invade and
replicate.  Additionally, the  fact that  dividing forms
of  this parasite  have  never been  observed in the
peripheral  blood  of marsupials  suggests that divi-
sion  may be conﬁned  to tissues  (Botero et al. 2013;
Thompson  et  al. 2013). The similarity in the biolog-
ical  behaviour  of  T. copemani  and T. cruzi suggests
that  these  parasites  might  use similar strategies
to  complete  their life cycle in the vertebrate host.
Therefore,  we have proposed  a life cycle  of T.  cope-
mani  G2 in the vertebrate host that involves tissue
migration,  and  cell  infection  (Fig.  11).
A  nutritional  requirement  of all different species
of  Trypanosoma  is  that in vitro they need a  haem-
compound  as a growth factor.  Studies have shown
that  haemin  plays  an important role in growth and
differentiation  of trypanosomes  (Lara  et  al. 2007).
Although  haemin  was not necessary  for the growth
of  T. copemani  in vitro, it enhanced  cell prolif-
eration  considerably.  A haemin  concentration of
2.5  mg/l  added  to Grace’s medium  was the  opti-
mum  concentration  for  the growth  of both strains
of  T. copemani  in culture. Haemin  concentrations
higher  than 15 mg/l  produced  markedly signiﬁ-
cant  morphological  changes.  Most of the forms
present  in these cultures  were spherical  with a short
or  absent  ﬂagellum  consistent with amastigote
forms  of other Trypanosoma  species,  suggesting
that  transformation  from epimastigotes  to  amastig-
otes  could be induced  by high concentrations of
haemin.
An  interesting behaviour  observed by both
strains  of  T. copemani  in culture  was the move-
ment  of nests across the plate surface.  Nests
were  observed  recruiting  neighboring  smaller nests
establishing  large  communities  of cells similar to
what  has been described in bacteria in response to
external  signals  (Harshey  2003) and what is termed
“social  motility” or SoMo  (Velicer et al. 2000). T.
brucei  is also  able to assemble into  multicellular
communities  with polarised  and  coordinated move-
ments  that are not  apparent  in single cells and are  in
response  to an external  stimulus  (Oberholzer et al.
2010). It has been suggested  that  SoMo in T.  brucei
may  facilitate  colonisation  of host tissues, transmis-
sion,  and may have an impact  on pathogenesis
(Bastin  and Rotureau  2015; Imhof et al. 2014).
The  apparent  SoMo  observed  in T. copemani could
have  some  important  consequences  in infectivity
and  pathogenicity  and might  enhance  their ability
to  colonise,  penetrate,  and  migrate  through different
tissues  in vertebrate  and invertebrate  hosts.
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Figure  11.  Proposed  life  cycle  of  Trypanosoma  copemani  G2  in  the  vertebrate  host.
Conclusions
This study  adds to the small  number  of try-
panosomes  that  are  known to be intracellular  in
mammalian  hosts and reinforces previous  ﬁndings
of  T.  copemani  G2  in several  tissues  of threatened
and  endangered  Australian marsupials.  Here, we
have  proposed a life cycle of  T. copemani  G2  in the
vertebrate  host that involves tissue migration  and
cell  infection.
Methods
Trypanosome  development  in  culture  and  growth  curves:
T. copemani  G1  and  G2  previously  isolated  from  the  blood  of
woylies  (Botero  et  al.  2013)  were  grown  at  28 ◦C  in  four  differ-
ent liquid  media,  RPMI  1640  (Roswell  Park  Memorial  Institute
1640), HMI-9  (Iscove’s  modiﬁed  DMEM-based),  Schneider’s
(Schneider  1964)  and  Grace’s  (Grace  and  Brozostowski  1966)
(Supplementary  Material  Table  S1),  and  their  growth  and  mor-
phological  changes  in  culture  were  examined.  Trypanosome
growth  curves  were  generated.  For  this,  1x103,  1x104 and
1x106 parasites  were  seeded  in  triplicate  wells  in  a  96  well
plate. The  number  of  trypanosomes  in  each  well  was  calcu-
lated using  a  haemocytometer  chamber  for  eight  consecutive
days  and  growth  curves  were  generated  using  the  Prism  6
software  (GraphPad  Software,  San  Diego,  California,  USA).
Trypanosomes  were  also  growth  at  28 ◦C  and  5%  CO2 with
VERO  cells  as  a  feeder  layer  to  observe  if  it  enhances  growth
and/or any  change  in  morphology.
Evaluation  of  different  concentrations  of  haemin  on
growth: Because  haem-compounds  play  an  essential  role  in
trypanosome  growth,  the  effect  of  haemin  on  growth  and  differ-
entiation  was  investigated.  Different  concentrations  of  haemin,
2.5 mg/l,  5  mg/l,  10  mg/l,  15  mg/l  and  20  mg/l  were  added  to
Grace’s  and  RPMI  1640  media,  as  these  media  resulted  in
the best  rate  of  growth.  1x106 parasites  were  seeded  into
24-well  plates  containing  each  medium  with  differing  haemin
concentrations,  and  trypanosome  growth  rate  was  determined
by counting  parasites  in  a  haemocytometer  chamber  every  day
for six  consecutive  days.
Kinetics  of  infection:  The  non-phagocytic  cell  lines  L6  (rat
skeletal  myoblast  cells),  VERO  (African  green  monkey  kidney
epithelial  cells),  and  HCT8  (human  ileocecal  adenocarcinoma
cells)  and  a  phagocytic  cell  line  (macrophage-like  cells)  derived
from the  human  monocyte  cell  line  THP1  were  used.  Cells
were grown  in  RPMI  medium  supplemented  with  10%  foetal
calf serum  (FCS)  at  37 ◦C  and  5%  CO2.  THP1  cells  were
grown in  media  that  also  included  phorbol  12-myristate  13-
acetate  (PMA).  Monolayers  of  each  cell  line  were  trypsinised
and seeded  onto  tissue  culture-slides  (16-wells)  at  a  concen-
tration  of  1.5  x  103 cells/ml,  and  24  hours  later  were  infected
with cultures  from  the  stationary  phase  containing  metacyclic
trypomastigote  forms  of  T.  copemani  G1  and  G2  and  T.  cruzi
10R26  strain  (TcIIa).  For  the  infection  of  cells,  the  media  in
each well  was  discarded  to  remove  non-adherent  cells  and
then  each  well  was  infected  with  100  l  of  trypanosome  suspen-
sion containing  1.5  x  105 trypanosomes/ml  (1:10  cell/parasite
ratio) of  each  strain.  Slides  were  incubated  at  37 ◦C  and  5%
CO2. The  progress  of  cellular  infection  was  monitored  at  3,  6,
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12,  24,  48,  72,  and  96  hours  post-infection.  Non-adherent  par-
asites were  removed  by  washing  the  culture-slides  three  times
with phosphate  buffer  solution  (PBS)  at  each  interval  of  time.
The supernatant  from  cultures  at  48  hours  post-infection  con-
taining  trypomastigotes  was  added  to  new  cells  to  investigate  if
they were  able  to  infect  new  cells.  Two  days  later,  non-adherent
parasites  were  removed  as  mentioned  above.  Coverslips  were
removed  and  culture-slides  were  air-dried  and  stained  with  the
commercial  Romanowsky-type  stain  ‘Diff-Quik’  for  examination
by light  microscopy.  The  percentage  of  infected  cells  was  deter-
mined  under  100x  magniﬁcation  by  counting  100  cells/well  per
triplicate  using  an  optical  microscope  and  comparing  the  num-
ber of  cells  containing  intracellular  parasites  to  the  total  number
of cells.  Infection  Kinetic  curves  were  generated  using  the  Prism
6 software  (GraphPad  Software,  San  Diego,  California,  USA).
Experiments  were  replicated  on  three  separate  occasions,  and
all cell  lines  and  trypanosomes  were  stored  in  a  liquid  nitro-
gen cryobank  at  Murdoch  University.  T.  cruzi  10R26  strain  was
kindly provided  by  Professor  Michael  A.  Miles.  This  strain  was
originally  isolated  and  prepared  by  the  research  group  of  Michel
Tibayrenc  at  the  Institut  pour  Recherce  et  Developpement  in
Montpellier,  France.
Light,  scanning  and  transmission  electron  microscopy:
The morphology  of  trypanosomes  from  direct  thin  blood  smears
collected  previously  from  woylies  (Botero  et  al.  2013)  and
smears  of  logarithmic  and  stationary  phase  cultures  were
compared.  Smears  were  ﬁxed  in  methanol  and  stained  with
the commercial  Diff-Quick  staining  system  for  examination  by
light microscopy.  For  scanning  electron  microscopy  (SEM),
culture  forms  were  ﬁxed  in  a  1:1  mixture  of  5%  glutaralde-
hyde  in  0.01  M  PBS:  cell  culture  medium  (pH  7.2),  before
being mounted  on  poly-L-lysine  coated  coverslips,  progres-
sively dehydrated  through  a  series  of  ethanol  solutions  and
critical  point  dried  as  previously  described  (Edwards  et  al.
2011).  Coverslips  were  mounted  on  stubs  with  adhesive  car-
bon, coated  with  2  nm  platinum  (Pt)  and  imaged  at  3  kV  using
the in-lens  secondary  electron  detector  on  a  Zeiss  55VP  ﬁeld
emission  SEM.  For  transmission  electron  microscopy  (TEM),
trypanosomes  were  also  ﬁxed  in  a  1:1  mixture  of  5%  glu-
taraldehyde  in  0.01  M  PBS:  cell  culture  medium  (pH  7.2).  All
subsequent  processing  was  performed  in  a  PELCO  Biowave
microwave,  where  samples  were  post-ﬁxed  in  1%  OsO4 in  PBS
followed  by  progressive  dehydration  in  ethanol/acetone,  before
being inﬁltrated  and  embedded  in  the  epoxy  resin.  Sections  120
nm-thick  were  cut  with  a  diamond  knife  and  mounted  on  copper
grids. Digital  images  were  collected  from  unstained  sections  at
120 kV  on  a  JEOL  2100  TEM  ﬁtted  with  a  Gatan  ORIUS1000
camera.
For SEM  of  infection  experiments,  cells  were  pre-seeded
on poly-L-lysine  coated  coverslips  in  24-well  plates  (2  x  105
cells/well)  and  infected  with  T.  copemani  G1  and  G2  as  above.
After 48  hours  post-infection,  the  coverslips  were  removed,
washed  in  PBS,  ﬁxed,  and  processed  for  SEM  as  described
above. Similarly,  for  TEM,  infected  cells  were  trypsinised
at 48  hours  post-infection,  ﬁxed,  processed  and  imaged  as
described  above.  Measurements  of  morphological  features
(length  and  width)  were  made  using  ImageJ  v.  1.29x  (National
Institutes  of  Health,  USA).  All  images  shown  are  representative
of several  light,  scanning  and  transmission  electron  microscopy
images  acquired  in  three  independent  experiments.
Statistical  analyses:  Statistical  analyses  were  performed
using  GraphPad  Prism  6  (GraphPad  Software,  San  Diego,  Cali-
fornia, USA).  Analysis  of  the  data  was  performed  using  one-way
and two-way  analysis  of  variance  (ANOVA).  The  results  are
expressed  as  means  ±  SEM  (standard  error  of  the  mean).
Differences  in  the  infection  rate  were  assessed  by  using
Fisher’s  exact  test.
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